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 Polarisation Orientation Effects and Hydrostatic Parameters in Novel  
2–2 Composites Based on PMN–xPT Single Crystals  
C. R. BOWEN1,* AND V. YU. TOPOLOV2 
1 Department of Mechanical Engineering, University of Bath, BA2 7AY Bath, United Kingdom  
2
 Department of Physics, Southern Federal University, 344090 Rostov-on-Don, Russia 
Polarisation orientation effects in piezo-active composites based on relaxor-ferroelectric single 
crystals of (1 – x)Pb(Mg1/3Nb2/3)O3–xPbTiO3 open up new possibilities to vary the effective 
electromechanical properties and related parameters. In the present paper the hydrostatic 
performance of 2–2 parallel-connected single crystal / auxetic polymer composites is studied for 
x = 0.28–0.33 and two poling directions of the single-crystal component, [001] (4mm symmetry) 
and [011] (mm2 symmetry) in the perovskite unit cell. The effect of the orientation of the main 
crystallographic axes in the single-crystal component on the hydrostatic piezoelectric 
coefficients *hd , *he  and squared figure of merit *hd *hg  is analysed for three rotation modes in 
single crystals and at various anisotropy of their piezoelectric and elastic properties. The role of 
the auxetic polymer component is emphasised in the context of the large hydrostatic parameters 
and anisotropy of squared figures of merit *3 jd *3 jg  (j = 1, 2 and 3). The largest maximum values 
of *hd  and *he  (1990 pC / N and 42.5 C / m2, respectively) are achieved in the composite based on 
[011]-poled 0.71Pb(Mg1/3Nb2/3)O3–0.29PbTiO3.            
Keywords: Composite; Ferroelectric; Crystallographic orientation; Hydrostatic piezoelectric 
response; Figures of merit  
PACS: 77.65.-j: Piezoelectricity and electromechanical effects; 77.84.Lf: Composite materials; 
77.84.-s: Dielectric; piezoelectric; ferroelectric; and antiferroelectric materials 
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1. Introduction 
Domain-engineered single crystals (SCs) of relaxor-ferroelectric (1 – х)Pb(Mg1/3Nb2/3)O3 – 
xPbTiO3 (PMN–xPT) with the perovskite-type structure are of interest as components of 
advanced piezo-active composites [1–3]. The PMN–xPT SCs with compositions near the 
morphotropic phase boundary (x ≈ 0.3) exhibit remarkable electromechanical (i.e., piezoelectric, 
elastic and dielectric) properties (Table 1) that are measured [4–7] on samples poled along 
specific crystallographic directions which may be varied in a wide range due to a polarisation 
orientation effect [3]. A change in a poling direction leads to changes in a piezoelectric activity 
and anisotropy of the properties of the SC component that influences the properties of the related 
composite. Modern PMN–xPT SC / polymer composites with 1–3 and 2–2 connectivity patterns 
[1, 3] are regarded as novel piezo-active materials with many parameters suitable for 
piezotechnical, hydroacoustic and energy harvesting applications. Among these materials the 2–
2 (laminar) composites are important objects for a study of the orientation effects [3, 8] and 
interconnections between the properties of the SC component and composite as a whole. To the 
best of our knowledge, data on the hydrostatic piezoelectric performance have yet to be 
systematised for the 2–2 PMN–xPT-based composites at various x and orientations of the main 
crystallographic axes of the SC component. An additional stimulus to improve the hydrostatic 
parameters is to employ a auxetic polymer component with a negative Poisson’s ratio [8, 9]. The 
aim of the present paper is to study the hydrostatic piezoelectric response and related parameters 
of the 2–2 PMN–xPT SC / auxetic polyethylene composites with x = 0.28–0.33 at taking into 
account the orientation effect in the [001]- and [011]-poled SCs.          
2. Model of the 2–2 Composite and Their Effective Parameters  
A 2–2 parallel-connected composite with a regular distribution of layers on the OX1 direction 
(Fig. 1) comprises the SC and polymer layers distributed continuously over the OX2 and OX3 
directions. An orientation of the spontaneous polarisation vector Ps(1) in each single-domain SC 
layer is shown in inset 1 (SC poled along [001] of the perovskite unit cell) and inset 2 (SC poled 
along [011] of the perovskite unit cell) of Fig. 1. Following results in [3], we consider a rotation 
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of the main crystallographic axes x, y and z of the polydomain SC layer around one of the co-
ordinate axes – OX1 || x (inset 3 in Fig. 1), OX2 || y (inset 4 in Fig. 1) or OX3 || z (inset 5 in Fig. 
1). Such rotation modes enable us to maintain polydomain states (insets 1 and 2 in Fig. 1) and to 
study the orientation effects in the presence of the [001]- and [011]-poled SCs. We assume that 
at these rotation modes, the spontaneous polarisation vectors of domains Ps,1, Ps,2 etc. in each SC 
layer are situated either over or in the (X1OX2) plane (Fig. 1). Hereby the rotation angles are 
varied [3] as follows: 
(i)  –45° ≤ α ≤ 45° or –45° ≤ β ≤ 45° (composite based on the [001]-poled SC, rotation modes in 
insets 3 and 4 in Fig. 1) and  
(ii)  –arcsin(1 / 3 ) ≤ α ≤ arcsin(1 / 3 ), –45° ≤ β ≤ 45° or 0° ≤ γ ≤ 360° (composite based on 
the [011]-poled SC, rotation modes in insets 3–5 in Fig. 1).  
Because of the 4mm symmetry of the [001]-poled polydomain SC [4–6] and )1(31d = )1(32d  for 
this symmetry class, we do not consider the rotation of the main crystallographic axes x, y and z 
around OX3 || z in the case (i).  
The effective electromechanical properties of the 2–2 composite are evaluated using the 
complete sets of electromechanical constants of SCs (Table 1) and polymer*. Averaging the 
electromechanical properties along the OX1 axis is performed by taking into consideration 
boundary conditions [2, 3] for electric and mechanical fields in the adjacent layers of the 
composite sample (Fig. 1). These boundary conditions at x1 = const involve the continuity of 
three normal components of the mechanical stress (σ11, σ12 and σ13), three tangential components 
of the mechanical strain (ξ22, ξ23 and ξ33), one normal component of the electric displacement 
(D1), and two tangential components of the electric field (E2 and E3). The effective properties of 
the 2–2 composite are represented by the matrix   
|| C* || = [|| C(1) ||.|| M || m + || C(2) || (1 – m)] [|| M || m + || I || (1 – m)]-1,                          (1)  
------  
* Auxetic polyethylene is a piezo-passive polymer with elastic compliances )(11ns = 5260 and )(12ns = 
4360 (in 10-12 Pa-1) [10] and dielectric permittivity )(nppε / ε0 = 2.3 [11] at room temperature.  
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 (9 × 9 matrix) describes the properties of SC (n = 1) and polymer 
(n = 2), and superscript ‘T’ denotes the transposed matrix. In Eq. (1) || M || is the 9 × 9 matrix 
concerned with the boundary conditions at x1 = const, || I || is the 9 × 9 identity matrix, and m is 
the volume fraction of the SC component. Thus, the studied 2–2 composite (Fig. 1) is 
characterised by the full set of electromechanical constants E
abs
*
, 
*
ijd  and σε *fh  from || C* || in Eq. 
(1). These constants are determined in the longwave approximation [2], when the wavelength of 
the external acoustic field is much greater than the width of each layer of the sample. 
3. Orientation Effects and Improved Parameters in PMN–xPT-Based Composites 
Hydrostatic parameters Πh*(m, α), Πh*(m, β) and Πh*(m, γ) are studied for the composite in Fig. 
1 with electrodes that are parallel to the (X1OX2) plane, and therefore, the piezoelectric 
coefficients with subscripts 31, 32 and 33 are to be considered. Among Πh*s to be discussed, of 
interest for applications are the hydrostatic piezoelectric coefficients 
*
33
*
32
*
31
* ddddh ++= , *33*32*31* ggggh ++=  and *33*32*31* eeeeh ++=      (2) 
and squared hydrostatic figure of merit  
( *hQ )2 = *hd *hg ,              (3) 
where *ijg  and 
*
ije  from Eqs. (2) are determined using formulae [12] || g* || = || d* ||.|| ε*σ ||-1 and  
|| e* || = || d* ||.|| s*E ||-1, respectively. The hydrostatic piezoelectric coefficients *hd , *hg  and *he  
from Eqs. (2) provide a measure of the activity and sensitivity of the composite [2] under 
hydrostatic loading. ( *hQ )2 from Eq. (3) is used to characterise the sensor signal-to-noise ratio of 
the composite and its piezoelectric sensitivity [2]. ( *hQ )2 is analogous to squared figures of merit 
( *3 jQ )2 (j = 1, 2 and 3) [8] which are of value for modern energy harvesting applications.  
As follows from data on absolute maxima of Πh* (Table 2),  
(i) absolute max *hd  in the composite based on the [001]-poled SC correlates with )1(hd  of the SC,  
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(ii) the largest value of absolute max *hd  is achieved in the composite based on the [011]-poled 
SC with the largest value of | )1(hd | (see Table 1, x = 0.29),  
(iii) changes in the rotation angle β lead to the larger values of absolute max *he  in the composite 
based on the [001]-poled SC (Table 2), however no distinct correlation between max *he  and | )1(he | 
from Table 1 is seen in this case, and  
(iv) the largest value of absolute max *he  is achieved due to the large piezoelectric coefficients 
)1(
ijd , their anisotropy and the elastic anisotropy of the [011]-poled SC with x = 0.29 (Table 1).       
 Absolute maxima of ( *hQ )2 and ( *3 jQ )2 in the studied composites are achieved at small 
volume fractions of SC (0 < m < 0.02), and therefore, it would be difficult to manufacture the 
requested composite samples within this m range. The volume-fraction behaviour of local 
maxima of ( *hQ )2 and ( *33Q )2 is similar (Fig. 2), and their decrease is caused by a rapid increase of 
σε *33  on increasing m. The inequality ( *hQ )m2 > ( *33Q )m2 holds at m < 0.1 (Fig. 2), i.e., there is a 
strong influence of the auxetic polymer component on the effective properties.  
It is noteworthy that the condition  
( *33Q )2 / ( *3 jQ )2 ≥ 10 (j = 1 and 2)          (4) 
holds within a wide range of volume fraction m and rotation angles, in the presence of the SC 
component poled either along [001] (Fig. 3, a) or [011] (Fig. 3, b) and at different rotation 
modes. A considerable part of the hatched area in Fig. 3, a is related to (m, α) that provides a 
large ( *hQ )m2 (see curve 3 in Fig. 2). This performance is due to the orientation effect and elastic 
anisotropy in the studied composite and the relatively high piezoelectric activity of its SC 
component. It should be added that ( )1(33Q )2 / ( )1(31Q )2 = ( )1(33Q )2 / ( )1(32Q )2 = ( )1(33d  / )1(31d )2 ≈ 4.5 is related 
to the [001]-poled PMN–0.33PT SC (see data in Table 1).         
We note that data on *hd , 
*
hg  and ( *hQ )m2 (Table 2 and Fig. 2) highlight the advantages of 
these particular composites over conventional 2–2 PZT-type ceramic / polymer composites with 
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max *hd  ≈ (50–80) pC / N and max *hg  ≈ (100–300) mV.m / N [13]. Experimental values of 
max[( *hQ )2] ≈ 5.10-11 Pa-1 are peculiar to a 2–2 PZT-type ceramic / polymer composite [14] with 
a specific orientation of the layers with respect to the poling direction. Values of absolute max *he  
(Table 2) are about 2–4 times larger than typical values of eh ≈ (10–15) C / m2 in PZT-type 
ceramics [2].          
4. Conclusions 
Features of the hydrostatic piezoelectric response of the 2–2 PMN–xPT SC / auxetic 
polyethylene composite (x = 0.28–0.33) have been studied taking into account the orientation 
effect in the [001]- and [011]-poled SCs and the role of the auxetic polymer. The orientation of 
the main crystallographic axes in the SC layer and the anisotropy of its piezoelectric and elastic 
properties are to be taken into account for the manufacture of the novel piezo-active composites 
with large values of *hd , *he  and ( *hQ )2. Both the [001]- and [011]-poled SCs (Table 1) have 
individual advantages at different rotation modes. The auxetic polymer component with sgn )2(11s =
 
sgn )2(12s >
 0 strongly influences *3 jd  and hydrostatic parameters (2) and (3). Examples of validity 
of condition (4) testify to the important role of the piezoelectric anisotropy and orientation 
effects at different rotation modes. In general, the studied orientation effects promote the large 
hydrostatic parameters and anisotropy of squared figures of merit (4), and these characteristics 
are of value for hydroacoustic, energy harvesting and related applications.  
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Table 1. Elastic compliances En
abs
),(
 (in 10-12 Pa-1), piezoelectric coefficients )(nijd , )(nhd  (in pC / N)  
and )(nhe  (in C / m2), hydrostatic squared figure of merit ( )(nhQ )2 (in 10-12 Pa-1), and dielectric 
permittivity σε ),(npp  of domain-engineered PMN–xPT SCs at room temperature. Data are related to 
the main crystallographic axes   
 [001]-poled 
SC, x = 0.28, 
4mm 
symmetry 
[4] 
[001]-poled 
SC, x = 0.30, 
4mm 
symmetry 
[5] 
[001]-poled 
SC, x = 0.33, 
4mm 
symmetry  
[6] 
[011]-poled 
SC, x = 0.28, 
mm2 
symmetry 
[4] 
[011]-poled 
SC, x = 0.29, 
mm2 
symmetry 
[7] 
Ens ),(11  44.57 52.0 69.0 13.40 18.0 
Ens ),(12  –28.91 –18.9 –11.1 –21.18 –31.1 
Ens ),(13  –13.91 –31.1 –55.7 12.67 8.4 
Ens ),(22  44.57 52.0 69.0 54.36 11.2 
Ens ),(23  –13.91 –31.1 –55.7 –33.59 –61.9 
En
s
),(
33
 34.38 67.7 119.6 28.02 49.6 
Ens ),(44  15.22 14.0 14.5 15.22 14.9 
En
s
),(
55
 15.22 14.0 14.5 147.06 69.4 
Ens ),(66  16.34 15.2 15.2 22.47 13.0 
)(
15
nd  122 190 146 2162 1188 
)(
24
nd  122 190 146 160 167 
)(
31
nd  –569 –921 –1330 447 610 
)(
32
nd  –569 –921 –1330 –1150 –1883 
)(
33
nd  1182 1981 2820 860 1030 
σε ),(11
n / 
0ε  1672 3600 1600 4235 3564 
σε ),(22
n / 
0ε  1672 3600 1600 1081 1127 
σε ),(33
n / 
0ε  5479 7800 8200 3873 4033 
)( n
hd
a 44 139 160 157 –243 
)( n
he
 
–23.5 22.2 15.5 14.3 22.5 
( )( nhQ )2  0.0399 0.280 0.353 0.719 1.654 
a
 
)( n
hd , 
)( n
he  and ( )(nhQ )2  were calculated using values of )(3njd , Enkls ),( and σε ),(33n  
 
Table 2. Absolue maxima of hydrostatic piezoelectric coefficients *hd  and *he  in the 2–2 PMN–
xPT SC / auxetic PE composite at rotation modes shown in insets 3–5 in Fig. 1 
SC 
poling 
direction 
x Absolute max *hd  Absolute max *he  
Value (in 
pC / N) 
Rotation angle and 
volume fraction of SC 
Value (in  
C / m2) 
Rotation angle and volume 
fraction of SC 
[001] 0.28 939 α = 0°, m = 0.029 29.2 β = ±25°, m = 0.872 
 0.30 1210 α = 0°, m = 0.101 39.3 β = ±33°, m = 0.872 
 0.33 1410 α = 0°, m = 0.177 29.7 β = ±33°, m = 0.865 
[011] 0.28 1650 γ = 0°, m = 0.074 30.8 γ = 90°, m = 0.941 
 0.29 1990 γ = 0°, m = 0.072 42.5 γ = 65° or 115°, m = 0.890 
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Figure captions to the paper “Polarisation Orientation Effects and Hydrostatic 
Parameters in Novel 2–2 Composites Based on PMN–xPT Single Crystals“ 
by C. R. Bowen and V. Yu. Topolov 
 
Fig. 1. Schematic of the 2–2 SC / polymer composite with parallel-connected layers. (X1X2X3) is 
a rectangular co-ordinate system. Inset 1 comprises domain orientations in the [001]-poled SC 
with the effective spontaneous polarisation vector Ps(1), and inset 2 comprises domain 
orientations in the [011]-poled SC with the effective spontaneous polarisation vector Ps(1). Ps,1, 
Ps,2, Ps,3, and Ps,4 are spontaneous polarisation vectors of several domain types, x, y and z are the 
main crystallographic axes of the polydomain SC. In inset 1 x, y and z are parallel to the co-
ordinate axes OX1, OX2 and OX3, respectively. α, β and γ are angles of rotation of the main 
crystallographic axes and spontaneous polarisation vectors Ps,n in the SC layer around one of the 
co-ordinate axes OXj (insets 3–5).  
 
Fig. 2. Local maxima of squared figures of merit ( *hQ )m2 and ( *33Q )m2 (in 10-12 Pa-1) of the 2–2 
PMN–xPT SC / auxetic PE composite with SC layers poled along [001]. 
 
Fig. 3. Examples of validity of condition (4) (hatched areas in graphs) at different rotation modes 
in the 2–2 PMN–xPT SC / auxetic PE composite: a, x = 0.33 and SC layers poled along [001], 
and b, x = 0.29 and SC layers poled along [011].  
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